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Abstract
We have developed a generic dynamic model of extension of the lithosphere, which
predicts major element composition and volume of melt generated from initial ex-
tension to steady state seaﬂoor spreading. Stokes equations for non-Newtonian ﬂow
are solved and the mantle melts by decompression. Strengthening of the mantle due
to dehydration as melting progresses is included. The composition is then empiri-
cally related to depletion. Using a crystallisation algorithm, the predicted primary
melt composition was compared with mean North Atlantic mid-ocean ridge basalt
(MORB). At steady state, using half spreading rates from 10 to 20mmyr−1 and
mantle potential temperatures of 1300 to 1325 ◦C we predict a major element com-
position that is within the variation in the mean of North Atlantic MORB.
This model is applied to the Southeast Greenland margin, which has extensive
coverage of seismic and ODP core data. These data have been interpreted to indi-
cate an initial pulse of magmatism on rifting that rapidly decayed to leave oceanic
crustal thickness of 8 to 11km. This pattern of melt production can be recreated by
Preprint submitted to Elsevier 31 January 2008introducing an initial hot layer of asthenosphere beneath the continental lithosphere
and by having a period of fast spreading during early opening. The hot layer was
convected through the melt region giving a pulse of high magnesian and low silica
melt during the early rifting process. The predicted major element composition of
primary melts generated are in close agreement with primary melts from the South-
east Greenland margin. The observed variations in major element composition are
reproduced without a mantle source composition anomaly.
Key words: Southeast Greenland Margin, major element composition, Large
Igneous Province, ridge-hotspot interaction
1 Introduction 1
The volume and composition of melt generated by adiabatic decompression is 2
inﬂuenced by the potential temperature and upwelling rate of the lithosphere 3
[1]. The breakup of continents can lead to large amounts of magmatism giving 4
large igneous provinces such as that formed around the North Atlantic in the 5
early Tertiary [2–4]. Various models for extension and rifting have been put 6
forward: models in which stretching and buoyancy are imposed but the velocity 7
ﬁeld is not perturbed by buoyancy, e.g. [5–7]; and more dynamic models, in 8
which the ﬂow of material is subject to internal forces due to density gradients 9
within mantle, e.g. [8–11]. Here we develop a two dimensional dynamic model 10
of rifting that includes melt composition calculations. This model will be used 11
to explore the evolution of volcanic margins and the thermal and chemical 12
nature of the mantle beneath such margins. We shall examine the eﬀect of the 13
initial temperature structure, and early spreading rates upon the evolution of 14
the Southeast Greenland margin, which is in the distal region of the possible 15
Iceland plume track [12]. 16
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21.1 Breakup of the North Atlantic 17
The breakup of the North Atlantic is thought to have been inﬂuenced by the 18
Iceland hotspot [13,12]. In this article we are concerned with understanding 19
the breakup of Southeast Greenland from the Hatton Bank oﬀ the west coast 20
of Ireland and UK. The breakup of the North Atlantic took the following sce- 21
nario: at 61Ma a thermal plume impacted the margin and delivered warm 22
mantle material to distal portions of the margin away from the plume impact 23
area [12,14,15]. Warm mantle material drained along the sublithospheric to- 24
pography spreading into the distal regions of the margin [12,16]. At breakup, 25
between 56 and 53Ma [15,17,18], the plume continued to feed excess melt 26
generation and active upwelling in the proximal portion of the margin [12]. 27
In the distal regions, warm material was exhausted during breakup and the 28
margin then evolved towards a steady state crustal thickness of between 8 29
and 11km [12]. By 45Ma excess magmatism was conﬁned to regions around 30
Iceland. Therefore the anomalously thick crust observed oﬀ Southeast Green- 31
land [4] is possibly explained by the presence of such a hot layer beneath the 32
lithosphere. 33
Studies of global mid-ocean ridge basalt (MORB) ﬁnd that mean primary 34
magma has between 10 and 15% MgO, and that the primary magma compo- 35
sitions correlate with the axial depth of the ocean ridge [20]. However, primary 36
magmas from Southeast Greenland have MgO contents of up to 18% and high 37
FeO contents of up to 14% [19]. Such melt compositions may be attributed 38
to source heterogeneity associated with the ancestral Iceland plume, increased 39
melt fraction due to the presence of a thermal anomaly, or both [21,22]. 40
1.2 Drilling oﬀ Southeast Greenland 41
The Ocean Drilling Program (ODP) cored the Southeast Greenland margin 42
during legs 152 and 163 (see Figure 1). The transition within site 917 from 43
thick silicic ﬂows through a sandstone layer to units of olivine basalt and 44
picrite marks the ﬁnal stage of breakup [23,24]. Basalts from the upper series 45
at site 917 have not been dated although the setting of this series suggests an 46
3age of 56Ma or older [25,26]. Basalts recovered from the upper series have high 47
concentrations of magnesium oxide (see Table 1; [19]) and have been inferred 48
to be close to primary [27]. It is believed that these units were rapidly erupted 49
through a system of ﬁssures rather than stored within magma chambers [22]. 50
Furthermore it is suggested that such aphyric picrite with 18% MgO would 51
have had an eruption temperature of 1380 ◦C, which implies a mantle potential 52
temperature 1500 to 1600 ◦C [28,24]. 53
Site 990 lies fractionally further oﬀ-shore and was also emplaced at roughly 54
56Ma [29]. The composition of the primary magma from unit 990-7 has been 55
calculated [30] by back calculating along the crystallisation liquid lines of 56
descent and is summarised in Table 1. From the crystallisation calculations 57
used to generate the primary melt it was predicted that melting began at 58
high temperatures (1580 to 1460 ◦C) and there were high degrees of melting 59
(15-21%) [30]. The basalts sampled at site 918 were erupted when the rift had 60
developed towards more steady rifting with more established magma reservoirs 61
[29,22]. 62
2 Methods 63
2.1 Melt depletion and Composition 64
We have developed a model that ﬁrst calculates the amount of melt generated 65
during the rifting of continents and then predicts the primary composition of 66
that melt. The modelling procedure can be broken down into two steps: First 67
the mantle ﬂow is calculated using a modiﬁed version of CitCom [31,11], which 68
predicts the amount of melt generated during rifting (see Appendix A for a 69
description of the model equations). The amount of melt generated is sensitive 70
primarily to the spreading rate and mantle temperature. The second step uses 71
the fraction of melt generated, the temperature and pressure within the melt 72
region to calculate the melt major element composition. We have based these 73
calculations on the two empirical parameterisations of Watson and McKenzie 74
[32] and Niu [33] outlined below. Therefore there are three variables within 75
4this model: the initial mantle temperature structure, the spreading rate and 76
the choice of composition parameterisation. 77
We have focused on two major element composition parameterisations: 78
1. The major element composition of accumulated melt was linked to fraction 79
of melt generated and pressure by ﬁtting polynomial functions to large data 80
sets from batch melting experiments [1]. Additional corrections to the iron 81
and magnesium oxides to maintain consistency with the olivine/liquid parti- 82
tion coeﬃcient were made to this parameterisation by Watson and McKenzie, 83
which we will refer to as WM91 [32]. The instantaneous melt composition, Cl, 84
is found by the following empirical formula, 85
Cl = a = b(1 − F)
1−D
D (1) 86
where F is the fraction of melt generated and a, b and D are estimated from 87
a range of experimental data (see Appendix C within Watson and McKenzie 88
[32]). 89
The statistical empirical approach of WM91 to generate a function for the com- 90
position of melt overestimates calcium oxide concentrations at low fractions 91
of melting when the data is looked at qualitatively [34]. The bulk partition 92
coeﬃcient for sodium oxide is also grossly over estimated, leading Langmuir 93
et al. [34] to suggest that the WM91 parameterisation is not much of an im- 94
provement upon more simplistic smoothed isobaric melting paths [20]. How- 95
ever WM91 is a robust quantitative parameterisation and can be used within 96
melting models with relative ease due to the simple polynomial relationships 97
that relate instantaneous melt composition to the fraction and pressure of 98
melting. 99
2. An alternative approach to quantifying the composition of the melt is to 100
use the partition coeﬃcient, D, that determines the ratio of a particular oxide 101
within the solid and liquid parts. 102
D =
Cs
Cl
(2)
103
5Cs is the weight percent solid composition and Cl is the liquid composition. 104
By using the melting experiments of [35–37] and [38], Niu [33] calculates the 105
apparent partition coeﬃcients for the major elements as a function of temper- 106
ature and degree of melting by constructing a mass balance, which we shall 107
refer to as N97 [39,33]. Due to the lack of available data, N97 compositions at 108
melt fractions less than 1% and at pressures greater than 2.5GPa are poorly 109
constrained [33]. For fractions of melting less than 1% we calculate the parti- 110
tion coeﬃcient assuming 1% melt and for pressures greater than 2.5GPa we 111
similarly calculate the partition coeﬃcients at 2.5GPa. 112
For the N97 parameterisation the mantle source composition used is the 113
MORB pyrolite of Falloon and Green [40]. WM91 uses empirical ﬁts from 114
laboratory melting experiments to derive a partitioning relation between melt 115
composition and solid residue. Therefore both parameterisations assume a ho- 116
mogeneous source mantle composition. As such any variation of composition 117
in the primary melts generated are only a result of spreading rate and tem- 118
perature. 119
In order to calculate the composition of melt as the rift evolves we have incor- 120
porated the two major element composition parameterisations within the fully 121
dynamic rifting model CitCom [31]. The melting calculations follow Nielsen 122
and Hopper [11] using the parameterisation of Scott [8]. Melt fraction is pre- 123
dicted by tracing the concentration of a completely compatible element, X, 124
through the melt region (see Appendix A). This conceptional quantity X is 125
always positive and equals one for fertile unmelted mantle and increases as 126
melting progresses [8]. The composition of the solid, Cs is given by (following 127
from [41]), 128
∂Cs
∂t
+ u   ∇CS =
￿
1 −
1
D
￿ Cs
1 − φ
˙ m (3)
129
where u is the mantle ﬂow, φ is the porosity and ˙ m is the melt production 130
rate. For a completely compatible trace element, D → ∞: 131
∂X
∂t
+ u   ∇X =
X
1 − φ
˙ m (4)
132
6We solve Equations 3 and 4 using a Petrov-Galerkin method for the advection 133
[42] and then make a small perturbation to account for melting. Noting that 134
during batch melting X(1 − F) = 1 [8] and that we account for the melting 135
and advection of X by Equation 4, WM91 and N97 can be implemented as 136
both relate the major element composition of the melt to the fraction of melt 137
generated. The notable diﬀerence between the two is that WM91 calculates 138
melt composition solely from the total melting, where as N97 determines melt 139
composition from the residue and a set of partition coeﬃcients. 140
This diﬀerence in methods makes WM91 simpler to implement within the 141
dynamic model as only Equation 4 must be solved. However N97 requires that 142
at each time step Equation 3 and 4 are solved. This gives us the solid residue 143
composition, and from the partition coeﬃcient we calculate the instantaneous 144
melt composition. Thus the composition of the residue is tracked as melting 145
continues. Furthermore, as this method is based on partition coeﬃcients it 146
should be easily adaptable for other elements, such as rare earth elements 147
that undergo very little fractionation during crystallisation. 148
Following Watson and McKenzie [32] the average composition of all the melt 149
generated is given by the weighted average of the C(F) over the melting region: 150
C =
R R
melt FCdxdz
R R
melt Fdxdz
(5)
151
Thus assuming all melt is instantaneously removed at some depth from the 152
centre of extension, the composition of the melt can be calculated for the 153
evolution of the margin at diﬀerent spreading rates and mantle potential tem- 154
peratures. Likewise we calculate the bulk melt fraction, Fbulk as the integral, 155
Fbulk =
Z Z
melt
Fdxdz (6)
156
over the melt region. The igneous crustal thickness, hc is calculated assuming 157
that all the melt is focused and accretes at the ridge axis following [9,11], 158
hc =
2
uz
ρm
ρl
Z Z
melt
˙ mdxdz (7)
159
7where ρm is the mantle reference density and ρl is the melt density (see Table 160
2 in Appendix A). 161
2.2 Model boundary and initial conditions 162
The top of the 2800km wide by 700km deep box (shown in Figure 2) is driven 163
to the right at the chosen spreading velocity. We assume symmetry along the 164
edge where the ridge develops and that there is no ﬂow of heat or material 165
across the boundary. 166
Nielsen and Hopper [11] modelled Atlantic opening with a constant spreading 167
rate of 10mmyr−1. Here we initially make the same assumptions as Nielsen 168
and Hopper, but also have a second condition where there is initially fast 169
spreading of 40mmyr−1 for 4Ma, followed by spreading at 10mmyr−1. The 170
purpose of this latter model is to assess whether or not signiﬁcant change in 171
spreading rate during early breakup can aﬀect melt production and chemistry. 172
Geophysical data suggest that initial spreading rate was 3 to 4 times greater 173
than the eventual slow spreading along the Reykjanes Ridge [4,19]. 174
The initial condition is as shown in Figure 2. Following Nielsen and Hopper 175
[11], the continental lithosphere is pre-thinned with a half width of ∼ 25km 176
to control the onset of stretching. We tested the insertion of a hot layer 50km 177
thick with temperature increases of 100 and 200 ◦C. Models are set to hold a 178
mantle potential temperature drop from the surface to the base of the model 179
at 700km depth. This value is set to between 1300 and 1325 ◦C within the 180
following sections. The eﬀects of dehydration strengthening and melt weaken- 181
ing on the viscosity of the model are included (see [11] for details). Neither 182
melt composition parameterisation accounts for the eﬀects of wet melting on 183
composition, so these are not included in our model. However since water is 184
assumed to be removed by the time the melt fraction reaches 2% any errors 185
will be small in predicted compositions. The Rayleigh number for the initial 186
system (see Appendix A) is set to 1.091 × 105, to give a reference mantle 187
viscosity of 4.5 × 1020 Pas [16]. 188
83 Results and Discussion 189
3.1 Validation of Predicted Steady State Mid-Ocean Ridge Basalt 190
The ﬁrst step was to benchmark our model at steady state. To do so we 191
have generated model runs from mantle potential temperatures of 1300 ◦C 192
to 1325 ◦C, and half spreading rates from 10mmyr−1 to 20mmyr−1 with no 193
thermal anomaly beneath the lithosphere. This small range of spreading rates 194
and mantle temperatures are tested as the steady state crustal thickness for 195
such conditions is between 5 and 9km which is representative of global mid- 196
ocean ridge thickness. 197
Melt generated at a steady state mid-ocean ridge is assumed to accumulate at 198
the ridge axis where it begins to crystallise. The crystallisation depth depends 199
on the thermal structure, and hence the spreading rate, of the ridge. Data from 200
the mid Atlantic indicate crystallisation pressures of ∼ 200MPa [43]. To test 201
the chemical predictions of the model, we calculate the melt chemistry pro- 202
duced at steady state and use Melts to predict the MORB compositions that 203
would be produced assuming a crystallisation pressure of 200MPa [44,45]. We 204
further assume a melt water composition of 0.2% and the fayalite-magnetite- 205
quartz redox reaction to calculate the ratio of FeO to Fe3O2. Liquid lines 206
of descent are tracked until there is 8% MgO to match the mean for North 207
Atlantic MORB. 208
The WM91 parameterisation gives predicted MORB that lies within the range 209
of observed North Atlantic MORB for all model runs (Figure 3(a)). The N97 210
parameterisation does not perform so well at steady state: aluminium and 211
sodium oxide compositions are too high and calcium oxides too low (Figure 212
3(b)). The poorer performance of this parameterisation is not surprising as it 213
is based on a smaller data set. Despite these problems, both parameterisations 214
can predict North Atlantic MORB at steady state. 215
93.2 Primary Melts from Rifting at Constant Spreading Rates 216
As just shown, the predicted melt composition at steady state gives a reason- 217
able match to MORB. McKenzie et al [46] suggest that steady state oceanic 218
mantle temperature is 1315 ◦C and that a small increase in temperature of 219
12.5 ◦C can increase crustal thickness by 1km. Within our model, as shown 220
by Nielsen and Hopper [11], to generate a crustal thickness for a half spreading 221
rate of 10mmyr−1 at steady state that is close to the 8 to 11km crustal thick- 222
ness of the Reykjanes Ridge [47–49] requires a slightly hotter mantle potential 223
temperature of 1325 ◦C. Therefore within the following analysis of the evolu- 224
tion of the Southeast Greenland margin, we have assumed a mantle potential 225
temperature of 1325 ◦C and a half spreading rate of 10mmyr−1. 226
The lithospheric mantle is thought to have been between 100 and 200 ◦C hotter 227
than normal mantle when the North Atlantic opened (e.g. [13,30]). Given this 228
idea and following [11], we have tested 100 and 200 ◦C hot layers as initial 229
conditions to represent a remnant plume head that has ponded under the 230
lithosphere. Due to the hot layer, there is initially an elongated deep layer of 231
low melt generation (less than 1%, see Figure 4). Because of its buoyancy and 232
low viscosity the hot layer is advected through the melt region (between 2 and 233
8Myrs of evolution) and the extent of melting rapidly increases, peaking at just 234
below 30%. Figure 4 also shows the instantaneous primary melt concentration 235
of magnesium and silicon oxides for both parameterisations. We expect there 236
to be a pressure dependance on the partitioning of iron, magnesium and silicon 237
for both parameterisations. The deep melts should be dominated by those 238
oxides that preferentially partition under high pressure, and this can be seen 239
for iron and magnesium in both parameterisations (Figures 4, 5 and 6). It is 240
likely however, that WM91 over estimates the concentration of silica at depth. 241
This is possibly due to an underestimation of the other elements at depth, as 242
silica concentration is calculated as 100% minus all the other oxides. 243
As the hot layer is advected through the melt region the melt generation in- 244
creases signiﬁcantly. The increased melt production is reﬂected in increased 245
igneous crustal thickness and bulk melt fraction. With the addition of a 200 ◦C 246
hot layer the bulk melt fraction peaks at 15% and the igneous thickness peaks 247
10at 12km during early rifting (Figure 5). The increased melt generation alters 248
major element composition of the primary melt further. The two elements to 249
consider closely are magnesium and sodium [13]. Magnesium oxides should be- 250
come enriched within the melt with increasing melt depletion. Sodium oxides 251
should deplete with increasing melt depletion [20]. The WM91 model repro- 252
duces this basic trend well: sodium and titanium oxides are incompatible and 253
so partition into the early melt at low melt fractions. As the melt production 254
increases these elements take up a smaller fraction of the melt as the other 255
more compatible oxides: magnesium, silicon and iron partition into the melt 256
(Figure 5). Furthermore the WM91 parameterisation predicts the exhaustion 257
of clinopyroxene within the regions of high melt production (melt fractions 258
> 20%) as predicted from melting of a fertile mantle peridotite by Herzberg 259
and O’Hara [50]. This causes the peak in the ratio of aluminium to calcium 260
seen during early evolution (Figure 5). 261
The high melt fractions have quite a diﬀerent eﬀect on the primary melt com- 262
position according to the N97 parameterisation (see Figure 6). Magnesium ox- 263
ide trends are not close to what would be expected. The parameterisation fails 264
to reproduce a signiﬁcant increase in magnesium oxides that is matched with 265
any increase in iron oxides during periods of high melt production. Sodium ox- 266
ides do show a depletion as melt production increases. The calcium aluminium 267
ratio and silicon oxide composition show an evolution that ﬁts well with the 268
arguments presented: an increase in the ratio when melt fractions are high. 269
Silicon oxide composition begins low and increases with melt production as is 270
expected [20]. Finally for titanium the N97 parameterisation is in very close 271
agreement with WM91. 272
The N97 model gives reasonable trends for calcium, aluminium, titanium and 273
silicon oxide concentrations, however as a ﬁrst order tool for calculating pri- 274
mary melt compositions, magnesium and sodium oxide trends must match 275
reasoned geochemical arguments. It would appear that WM91 performs bet- 276
ter than N97 from the sodium and magnesium oxide trends with melt pro- 277
duction. A likely reason for this is that N97 miss-represents high pressure and 278
low fraction melt due to a lack of supporting data. 279
11We compare results from the both models with the estimated primary melt 280
composition during early breakup of the Southeast Greenland margin from 281
ODP sites 917 and 990 ([51,27,30], Figures 5 and 6). We match the time of peak 282
melt production in the model to the maximum igneous thickness measured by 283
Holbrook et al. [12]. The site 917 and 990 basalts were likely erupted during 284
the ﬁnal stages of breakup at 56Ma [25,22]. Given these observations we have 285
plotted the estimated primary compositions from ODP sites 917 and 990 (see 286
Table 1) at 56Ma, which matches peak production. 287
For all oxides except calcium and aluminium, the WM91 model with the in- 288
clusion of a hot layer predicts a composition that is in closer agreement than 289
a model without the hot layer, although the maximum igneous thickness is 290
underpredicted (see Figure 5). The result from the N97 model is perhaps in 291
better agreement with predicted primary melt for the calcium aluminium ratio 292
and silicon oxide, but for iron, and more importantly magnesium, the param- 293
eterisation gives results that are quite inaccurate. Given these inaccuracies 294
and the poorer agreement of the N97 model with North Atlantic MORB at 295
steady state, we conclude that the WM91 parameterisation is more suitable 296
for modelling the South East Greenland margin. 297
3.3 Prediction of Southeast Greenland Basalt Compositions 298
ODP leg 152 site 918 sampled mildly altered basalts from the seaward dipping 299
reﬂector series (SDRS) oﬀ Southeast Greenland [51,4]. Site 918 also penetrated 300
a younger iron and titanium oxide rich sill, possibly emplaced by an oﬀ axis 301
volcano [51,19]. The basalt from the SDRS is dated at 54Ma [29] therefore it 302
was emplaced soon after sea ﬂoor spreading had begun. Here we do not wish 303
to get into a debate on the crystallisation processes that take place within the 304
evolving Southeast Greenland margin. We are however aware that it would be 305
ideal to validate our model results against further rock samples. Rather than 306
attempt to predict primary melts from the observed compositions, we have 307
used the script driven front end to Melts: Adiabat 1ph [52], to crystallise our 308
predicted primary composition for this site. 309
12As mentioned earlier, Atlantic MORB crystallises at pressures of around 200MPa 310
[43]. Assuming isobaric batch crystallisation within pooled melt at that pres- 311
sure, liquid lines of descent for crystallisation of primary melts generated dur- 312
ing breakup are plotted in Figure 7. We have then taken a comparison of our 313
simple liquid lines of descent with the composition of the SDRS sampled at 314
ODP site 918. We ﬁnd that the low titanium, high magnesium primary melt, 315
when crystallised, can account for the titanium magnesium ratio seen in the 316
SDRS. Furthermore when younger steady state primary melt is crystallised 317
we generate basalts with a titanium magnesium ratio representative of the sill 318
basalt. 319
Our crystallisation has been less successful at predicting other major element 320
ratios, although it is not far oﬀ for some elements such as silicon and iron 321
oxides (see Figure 7). This is likely due to the liquid line of descent being 322
more complicated than the simple isobaric approach taken here. Given that 323
the primary melts we generate are picritic and are generated at depths of up to 324
100km, there may be some signiﬁcant crystallisation en route to magma pools 325
and/or fractures. There will also be mixing and crystallisation within magma 326
pools, and further crystallisation and interaction with rock upon eruption. 327
Given all the possible scenarios we ﬁnd it encouraging that we can generate 328
major element compositions close to the basalts erupted soon after breakup. 329
3.4 Primary Melts from Rifting at Variable Spreading Rates 330
Sea ﬂoor spreading rates are not constant. When the Southeast Greenland 331
margin opened it did so at a faster spreading rate of around ∼ 40mmyr−1 for 332
approximately 4Myr and then spreading settled to its current rate of around 333
10mmyr−1. This simpliﬁcation of the extension history of the opening of the 334
margin is based on two sources. From the SIGMA III survey if we assume 335
that the continent-ocean boundary (COB) forms at 56 Ma and everything 336
farther west is erupted on continental crust, from the COB to Anomaly C24n 337
is a little more than 100km or about 33mmyr−1 on average [4]. Larsen and 338
Saunders [25] suggest a slightly higher 44mmyr−1 peak half spreading rate 339
that abates to 11mmyr−1 based on the interpretation of magnetic anomalies 340
13and argon-argon ages [23,26]. 341
Using the WM91 parameterisation we have modelled the rifting of the South- 342
east Greenland margin using a step change in spreading rate. It can be clearly 343
seen that if we introduce a sublithospheric hot layer of 200 ◦C then the crustal 344
thickness measured by [12] can be recreated with a high degree of accuracy 345
if we match peak volume with the opening of the rift. Equally, the duration, 346
∼ 1Myrs, of peak melt production matches very closely the duration of peak 347
magma productivity estimated from Greenland - Faeroes lavas [53]. Previ- 348
ous models have attempted to explain thick igneous crusts by purely thermal 349
anomalies (e.g. [13,10,11], Figure 5); we ﬁnd that in order to recreate the 350
crustal thickness oﬀ South East Greenland initial fast spreading is required in 351
addition to a thermal anomaly. 352
From Figure 8, composition variations may be better predicted by a slightly 353
cooler hot layer than is required to generate the igneous crustal thickness. A 354
100 ◦C hot layer predicts primary MORB compositions that are close for all 355
major elements with the exception of the calcium aluminium ratio and the 356
silica concentration. Inclusion of a 200 ◦C hot layer tends to over-predict the 357
magnesium concentration of primary melt with a very high peak in magne- 358
sium oxides. The increased spreading rate during early rifting causes increased 359
upwelling and so even greater melting rates than when the spreading is only 360
10mmyr−1. Thus the trends seen in Figure 5 are exaggerated as there is more 361
melt present, with the bulk melt fraction exceeding 25%. 362
Even if the major element composition is not completely recreated, as clearly 363
the case for silicon oxide concentrations (Figure 8), we have recreated a strong 364
geochemical signature within the primary melt that following crystallisation 365
can generate compositions like that of Southeast Greenland MORB (Figure 366
7). It is generally believed that the mantle material that generated the North 367
Atlantic igneous province can be traced back to an Iceland plume signature, 368
e.g. [55]. We have shown in this section, and even for when there is no variation 369
in spreading rate, that no anomalous mantle source composition is required to 370
generate the anomalous major element composition of the primary melt. The 371
generation of thick igneous crust upon breakup requires a thermal anomaly, 372
14but a layer of hotter mantle without a deep root will suﬃce under the right con- 373
ditions. The rapid reduction in crustal thickness after breakup is well modelled 374
by a ﬁnite reservoir of high temperature mantle. Such a model is consistent 375
with active upwelling and lateral channelling of hot asthenosphere along the 376
Southeast Greenland margin during breakup [11,12,16,54]. 377
4 Conclusions 378
Within this study we set out to study two variables within the rift evolution 379
of the Southeast Greenland margin: ﬁrstly, the eﬀect that initial temperature 380
structure has on melt production and melt composition; and secondly, the 381
eﬀect of initial spreading rates on melt production and composition. In doing 382
so we have produced a robust model that can generate North Atlantic MORB 383
at steady state and match the igneous thickness of the Reykjanes Ridge, whilst 384
generating a pulse of picritic, thick igneous crust during early rifting. 385
To generate the major element composition of primary melts that closely 386
match the expected composition of primary melts in the distal ﬁeld of the 387
possible Iceland plume at the Southeast Greenland margin (ODP sites 917,918 388
and 990) has not required a compositional Iceland plume source signature. 389
Rather we ﬁnd a that the presence of an exhaustible sublithospheric hot layer 390
during continental breakup can account for the region of thickened crust oﬀ 391
shore Southeast Greenland. Importantly, when coupled with a pulse of fast 392
extension, such a layer can also account for the observed picritic composition 393
of primary melts. 394
Our analysis does not address the origin of such a hot layer, however its 395
presence is consistent the lateral movement of a thermal plume based under 396
Iceland [12]. This thermal anomaly migrated south prior to the breakup of the 397
North Atlantic, giving the observed volumes and picritic compositions of the 398
oceanic crust oﬀ Southeast Greenland. 399
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Appendix A - Model Equations 408
We have used the combined Stokes and energy equation solver, CitCom, for 409
incompressible ﬂow over large viscosity contrasts (see [11,31]). Here we will 410
brieﬂy go through the model equations, which are explained further within 411
references [8,11] and [31]. The base equations are the conservation of mass, 412
momentum and energy. We will use the following summation convention: as 413
an example we have expanded the divergence of the mantle ﬂow, 414
∇   u =
∂u1
∂x1
+
∂u2
∂x2
(8)
415
where u is the mantle ﬂow vector, u1 and x1 are the mantle ﬂow and displace- 416
ment in the horizontal x-direction and u2 and x2 are the ﬂow and displacement 417
in the vertical z-direction. Equation 8 can be rewritten as, 418
∇   u =
2 X
i=1
∂ui
∂xi
(9)
419
and then by leaving out the summation sign,
P
, with the understanding that 420
repeated indices are summed, the conservation of mass, momentum and energy 421
can be written as, 422
∂ui
∂xi
= 0 (10)
423
16−
∂τij
∂xj
+
∂p
∂xi
= ∆ρλi (11)
424
∂T
∂t
= −ui
∂T
∂xi
+ κ
∂2T
∂x2
j
−
L ˙ m
cp
(12)
425
where u is the solid mantle creep, T is the mantle temperature, τ is the 426
deviatoric stress tensor, ∆ρ is the density change due to temperature and the 427
generation of melt, ˙ m is the melt production rate and λi is a unit vector in 428
the vertical direction (i.e. λ1 = 0, λ2 = 1). The other constants are deﬁned 429
within Table 2. 430
Stress and Rheology 431
Deviatoric stress is given by, 432
τij = 2η ˙ ǫij (13) 433
where ˙ ǫij is the strain rate and η is the viscosity given by the following rheo- 434
logical deﬁnition, 435
η = AχH2Oχmexp
￿E + pV
nRT
￿
˙ ǫ
1−n
n (14)
436
where E is the activation energy, V is the activation volume, n is the stress 437
exponent and R is the gas constant. A is a rheological parameter set from the 438
reference state of T = 1598K, η = 4.5 × 1020 Pas and ˙ ǫ = 1 × 10−15 s−1. The 439
rheological deﬁnition has two further terms to account for the strengthening 440
of the mantle due to the removal of mantle volatiles χH2O, and the weakening 441
of the mantle due to small amounts of melt, melt weakening, χm. Following 442
[11] the strengthening factor varies linearly from 0 to 10 as melting progresses 443
up till 2% of melt is generated. The mantle is then assumed to be completely 444
depleted of mantle volatiles and the strengthening factor increases to 100. The 445
melt weakening term is given as (from [57]), 446
χm = exp(−45φ) (15) 447
17Buoyant Upwelling 448
The change in density of the mantle due to temperature and melting is given 449
by, 450
∆ρ = −ρ0 (αT + γφ + βF) (16) 451
where α is the coeﬃcient of thermal expansion. γ and β are constant to scale 452
the melt porosity, φ, and melt fraction, F, terms and shall be deﬁned later. 453
Melt porosity is the volume occupied within the mantle by melt and is gov- 454
erned by advection and compaction [8], 455
∂φ
∂t
+ ui
∂φ
∂xi
− (1 − φ)
∂uj
∂xj
= ˙ m (17)
456
The fraction of melt generated, F, is calculated from the advection of the 457
melting residue, X, of a completely compatible trace element (as Equation 4 458
in tensor notation), 459
∂X
∂t
+ ui
∂X
∂xi
=
X
1 − φ
˙ m (18)
460
Assuming batch melting during each time step then the melt fraction can be 461
estimated from (from [8]), 462
X(1 − F) = 1 (19) 463
Therefore Equations 17 and 18, combined with the relationship above (Equa- 464
tion 19), can be used to calculate the buoyant addition to the upwelling due 465
to the presence of melt using Equation 16. Where γ is given by, 466
γ =
ρm − ρl
ρm
(20)
467
and β is given by, 468
β =
ρm − ρr
ρm(Xr − 1)
(21)
469
18and the constants are listed in Table 2. 470
Equations 12, 17 and 18 are linked by the rate of melt production ˙ m. The melt 471
production rate is calculated at each time step by calculating the position of 472
the wet and dry solidus as described within [11]. The amount of melt produced 473
at that time step is then given by, 474
δm =
δt
L
cp + ∂Ts
∂φ
(22)
475
where δT = T − Ts and Ts is the wet or dry solidus temperature. The latent 476
heat capacity, L = Ts∆S, where ∆S is the entropy change due to melting and 477
cp is the speciﬁc heat capacity. The diﬀerential ∂Ts/∂φ is given by, when in 478
the wet melting regime (from [58]), 479
∂Ts
∂φ
= 1440
X
1 − φ
(23)
480
and when in the dry melting regime, 481
∂Ts
∂φ
= 440
X
1 − φ
(24)
482
Therefore the melt production rate is simply, 483
˙ m =
δm
δt
(25)
484
where δt is the advection time step. 485
Dimensions 486
The main equations of ﬂow (Equations 10, 11 and 12) are made non-dimensional 487
in the following manner, 488
x = dx
′, t =
d2
κ
t
′, T = ∆TT
′, η = η0η
′ (26)
489
where, as in Nielsen and Hopper [11], d is the depth of the model space, η0 490
is the viscosity at the base of the model space and ∆T is the super-adiabatic 491
19temperature drop from the base of the model space to the surface. Therefore 492
the buoyancy term (Equation 16) becomes, 493
∆ρ =
ρ0gd3
κη0
(α∆TT + γφ + βF) (27)
494
Furthermore, we deﬁne a thermal Rayleigh number, 495
Ra =
ρ0gα∆Td3
κη0
(28)
496
which as mentioned in the main text we set to 1.091×105, to give a reference 497
mantle viscosity, η0, of 4.5 × 1020 Pas 498
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26Table 1
Measured and calculate primary melt compositions from ODP leg 152, site 917 and
ODP leg 163, site 990
Site - unit SiO2 TiO Al2O3 FeO MgO CaO Na2O K2O
917 - 14 46.77 0.72 14.30 10.65 17.67 7.86 1.61 0.06
917 - 16 47.38 0.91 13.09 11.09 17.80 7.31 1.78 0.23
Calculated
917 - 11R4 46.88 0.96 12.40 11.00 17.76 8.71 1.67 0.17
917 - 17 47.81 0.90 13.93 9.68 15.31 9.52 2.12 0.31
990 - 7 48.45 0.71 10.89 11.21 18.01 8.88 1.54 0.08
Units 917-14 and 917-16 from Larsen et al. [19], 11R4 and 917-17 are estimated by
Thy et al. [27]; unit 990-7 primary composition was estimated by Larsen at al. [30].
h!
Fig. 1. The North Atlantic, ODP sites 917,918 and 990 are marked oﬀ Southeast
Greenland. Inset shows approximate locations of magnetic chrons C24r and C23r
and the Sigma III survey line. Shading shows magnetic anomalies [59].
27Table 2
Model parameters and assumed values
Variable Meaning and Units Value
cp speciﬁc heat capacity, Jkg−1 K−1 1200
d depth of model space, km 700
g acceleration of gravity, ms−2 9.8
E activation energy, Jmol−1 530 × 103
˙ m dimensionless melt production rate
n stress exponent 3
p pressure, Pa
R gas constant, JK−1 mol−1 8.314
∆S Change in entropy upon melting 250
T mantle temperature, K
∆T super adiabatic temperature drop, K 1325
Ts wet or dry solidus temperature, K
u mantle creep, ms−1
V activation volume, m3 mol−1 5 × 10−6
X concentration of perfectly compatible trace element
Xr reference concentration of a perfectly compatible trace element 1.3
α coeﬃcient of thermal expansion, K−1 3.3 × 10−1
β coeﬃcient of depletion density reduction 0.04
˙ ǫ strain rate, s−1
γ coeﬃcient of melt density reduction 0.16
κ thermal diﬀusivity, m2 s−1 10−6
η viscosity, Pas
η0 reference viscosity at base of model, Pas
φ retained melt (porosity)
ρm mantle reference density, kgm−3 3340
ρl melt density, kgm−3 2800
ρr density of mantle at reference residue Xr, kgm−3 3295
τ deviatoric stress, Pa
χH2O viscosity increase factor due to dehydration 0 − 100
χm viscosity reduction factor due to interstitial melt
28Fig. 2. Initial geometry of the solution space with the sub-lithospheric hot layer. The
Continental lithosphere is pre-thinned by a factor of 2 over 3 horizontal elements to
ensure localisation of the initial rift.
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Fig. 3. Full range of steady state MORB predictions for (a) WM91 and (b) N97
models run at mantle temperatures of 1300 ◦C and 1325 ◦C, and half spreading
rates of 10mmyr−1 and 20mmyr−1. Elements are normalised to North Atlantic
MORB taken from GERM (http://earthref.org/). Bars show the variation in the
north Atlantic data set.
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Fig. 5. Evolution of predicted igneous crustal thickness, bulk melt fraction and
major element composition of primary melt for the WM91 parameterisation. The
line plots show the prediction for a model without a sublithospheric hot layer, for
a 100 ◦C hot layer and a 200 ◦C hot layer. The blue shaded area marks the time
interval when melt is initially being produced in small quantities. ‘breakup’ occurs
when there is a peak in melt production. The dark red shaded area represents the
age rage of magnetic anomaly C24r [17,18]. The red circles show estimated crustal
thickness from Holbrook et al. [12]. The black circles show primary composition
from ODP site 990, the white circles show primary composition from ODP site 917
(see Table 1, [19,27,30]).
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Fig. 6. Evolution of predicted crustal thickness and major element composition of
primary melt for the N97 parameterisation. Other details as in Figure 5.
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Fig. 7. Element ratios for magnesium, titanium, iron and silicon oxides. Plotted are
the liquid lines of descent, red lines from steady state primary melts that were batch
crystallised isobarically assuming magma pools at 200MPa. Blue lines are from the
peak magnesian primary melts similarly crystallised at 200MPa, from 5 and 10Myrs
model time (54.5Ma and 49.5Ma respectively). Open circles show seaward dipping
reﬂector series (SDRS) composition data from ODP leg 152, site 918, the black
circle shows the composition for the younger sill at site 918 [19].
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Fig. 8. Plot of predicted crustal thickness and major element composition of primary
melt for the WM91 parameterisation with a variable spreading rate of 40mmyr−1
for the ﬁrst 4Ma of evolution followed by constant spreading at 10mmyr−1. Other
details as in Figure 5.
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